Treatment of neuropathic pain (NP) symptoms associated with multiple sclerosis (MS) is frequently insufficient. Yet, cannabis is still rarely offered for treatment of pain. This clinical trial aimed at showing the positive benefit-risk ratio of dronabinol. Two hundred forty MS patients with central NP entered a 16-weeks placebo-controlled phase-III study followed by a 32-weeks open-label period. One hundred patients continued therapy for overall up to 119 weeks. Primary endpoint was change of pain intensity on the 11-point Numerical Rating Scale over a 16-weeks treatment period. Safety was assessed on the basis of adverse reactions (ARs), signs of dependency and abuse. Pain intensity during 16-weeks dronabinol and placebo treatment was reduced by 1.92 and 1.81 points without significant difference in between (p = 0.676). Although the proportion of patients with ARs was higher under dronabinol compared to placebo (50.0 vs. 25.9%), it decreased during long-term use of dronabinol (26%). No signs of drug abuse and only one possible case of dependency occurred. The trial results demonstrate that dronabinol is a safe long-term treatment option.
Introduction
Cannabis and its derivatives have a long tradition in medical use to treat a wide range of indications. Cannabinoids act primarily upon CB 1 and CB 2 receptors mainly located in the central nervous system and other tissues like lungs, liver and immune cells.
Analgesia is one of the pharmacological actions of cannabinoids. Medical cannabis and its purified active compounds, particularly (-)trans-Δ9-tetrahydrocannabinol (dronabinol), may therefore be used for treatment of chronic pain [1, 2] . There is still a high unmet medical need for treatment of central neuropathic pain (CNP) caused by autoimmune disorders like multiple sclerosis (MS) [3] [4] [5] . For a subgroup of CNP patients, pain relief is insufficient or intolerable side effects occur under estab-lished oral treatment options like tricyclic antidepressants, serotonin-noradrenaline reuptake inhibitors, calcium-channel α 2 -δ ligands and opioids [3, 4] . In this indication, several clinical trials with cannabis-based therapeutics (containing dronabinol and/or cannabidiol [CBD]) have been performed. A short-term clinical trial by Svendsen et al. [6] showed that dronabinol has a clinically relevant analgesic effect with good tolerability. Rog et al. [7] provided evidence for a safe and effective reduction of pain and sleep disturbance after 4 weeks treatment with cannabis-based medicine containing dronabinol and CBD. Langford et al. [8] failed to show efficacy of an oromucosal dronabinol/CBD spray in patients treated for 33 weeks, whereas the occurrence of adverse events (AEs) was similar for verum and placebo. Clinical trials investigating various indications showed long-term effects of cannabisbased medicine. These studies lasting from 38 weeks to 3.5 years showed no major safety concerns and a generally good tolerability [9] [10] [11] [12] [13] [14] [15] [16] . Nevertheless, the medical use of cannabis is controversially discussed. Especially, the debate about psychotropic side effects, drug abuse and dependency potential is still ongoing and sufficient data enabling a detailed risk evaluation are not available.
In order to address these open safety issues, we performed a clinical trial to show efficacy and long-term safety of dronabinol in the treatment of patients with MS and CNP.
Methods
The study has been registered in US and EU clinical trial databases (NCT00959218; 2006-004255-38) and was approved by German and Austrian competent authorities and applicable Ethics Committees. All patients gave written informed consent prior to inclusion.
Patients
Eligible patients were aged 18-70 years, met the McDonald criteria [17] for definite MS and had stable disease symptoms and moderate to severe CNP at maximal pain area for at least 3 months as reported by patients (Numerical Rating Scale [NRS] for pain ≥4). CNP was defined as initiated or caused by a primary lesion or dysfunction of the central nervous system. Main exclusion criteria were any peripheral pain syndromes, preexisting psychotic disorders, severe cardiac diseases, or known substance abuse. Continuing therapy with amitriptyline and gabapentin, if started at least 3 months ago with a stable dose and oral intake of tramadol as rescue medication for acute pain attacks, was allowed. Neither rescue medication nor a restriction of concomitant medication was intended for long-term follow-up. Investigators were neurologists or pain specialists experienced in treating MS who obtained standardized training regarding MS and pain diagnosis before trial participation.
Study Design
The first period lasted 16 weeks and had a randomized, doubleblind, placebo-controlled parallel group design followed by a 32 weeks open-label period (Fig. 1) Fig. 1 . After the 2-week screening period (S) patients were randomized and included in a double-blind period, including a 4-week titration period (dashed line) in which patients established their individual tolerable dose (maximum 15 mg/day dronabinol or placebo), followed by a maintenance period of 12 weeks. Afterwards, patients entered an open-label period including a doubledummy 4-week titration period (dashed line) followed by a 32-week maintenance period. A subgroup continued dronabinol therapy within an open-label long-term safety follow-up planned to last up to 96 weeks. The start of each new period is indicated with an arrow. * Some patients did not directly enter the long-term follow-up but had a short break (planned duration ≤31 days) before continuing the treatment. ** Due to the nonsignificant efficacy result, long-term safety follow-up was prematurely terminated resulting in a maximum treatment duration of 119 weeks. with a 4 weeks titration period to establish the patient-specific tolerable dose. Dosing was increased every 5 days by 2.5 mg to reach a daily dose between 7.5 and 15.0 mg.
Treatment Allocation
In the first period, patients were randomly allocated either to dronabinol or placebo in a 1: 1 ratio according to a computer-generated randomization code. Block packs with 4 kits were distributed to the sites and kits were allocated to patients in chronological order starting with the lowest available medication number at each site.
Blinding of patients, investigators and staff involved in the conduct of the study was maintained throughout the clinical trial.
Outcomes

Efficacy Parameters
Main efficacy outcome tools were the 11-point NRS for pain intensity (0 = no pain to 10 = strongest pain imaginable) and the SF-36 quality of life (QoL) questionnaire [18, 19] .
Primary endpoint of the double-blind period was mean change from baseline pain intensity to mean weekly pain scores within a maximum of 16 weeks. Patients' retrospective rating of pain intensity during week 1 served as baseline value. Patients assessed the NRS daily in the diary during double-blind and open-label period and once every 4 weeks during long-term follow-up.
Patients assessed their QoL at randomization, after 16 and 48 weeks treatment. During long-term follow-up, QoL was assessed at the beginning, every 24 weeks and at the end of treatment.
Safety Parameters
For safety analysis, vital signs, laboratory parameters, (serious) AEs (SAEs) including (serious) adverse reactions (SARs) were regularly assessed during all 3 periods. ECG recordings were performed prior to randomization to exclude patients with severe cardiac disease, at weeks 56, weeks 96 and at the end of treatment for safety assessment. All AEs were classified according to MedDRA (version 12.0).
Furthermore, patients rated the global tolerability on a 4-point rating scale (1 = very good to 4 = poor). If study medication intake was interrupted, the investigator documented withdrawal symptoms such as restlessness, irritability, sleep interference, decreased appetite, excessive sweating, or other drug-dependence-related symptoms. During long-term followup, drug dependence and abuse were documented at the beginning, every 24 weeks and at the end of treatment. Drug dependence and abuse were documented via enquiries in the case report form. The investigator documented if the patient experienced craving for dronabinol, apart from desiring therapeutic effects. Furthermore, he documented if the patient took repeatedly and independently, considerably higher doses than designated to achieve a pleasurable feeling like euphoria or intoxication. These incidences were rated as signs for dependence and abuse. Consumption of dronabinol was analyzed based on bottle weight.
Sample Size Determination
Sample size calculation was based on the trial conducted by Svendsen et al. [6] . An effect size of ε = 1/2.4 = 0.42 was expected for the primary endpoint. Assuming a mean group difference d = 1.0 and a standard deviation s = 2.4, a group sample size of (n = 91) patients (test-power >80%; type I error α = 0.05) was calculated. With regard to the number of drop-outs, the patient number per treatment was 120.
Statistical Analysis
Evaluation of safety and tolerability is based on the safety evaluable population (SEP) and compared descriptively between treatment groups. Efficacy parameters are based on the full analysis set (FAS).
Based on the mean weekly pain intensities (NRS) derived from patients' daily assessments, the primary endpoint average change from baseline was calculated. Treatment difference was evaluated with a 2-sample t test (α = 0.05; 2-sided; 95% CI).
Absolute changes of SF-36 total score from baseline were calculated and analyzed by a Wilcoxon-Rank sum test. Descriptive statistical details are available for each item, subscale and summary measure.
Results are mean values including SD.
Results
Demographic Data and Baseline Characteristics
The There were no relevant differences between the 2 treatment groups regarding baseline demographic data. The mean age at randomization was 47.7 ± 9.7 years, and 72.9% were female (Table 1) . NRS baseline values were 6.4 ±1.49 (verum) and 6.74 ±1.41 (placebo). At the beginning of the open-label period, pain intensity of patients previously being treated with placebo was 4.92 ± 2.04 and 4.48 ± 2.04 for patients previously receiving verum. Patients' mean age during long-term follow-up was 48.4 ± 9.1 years and 72.0% were female; the mean NRS at beginning was 3.4 ± 2.1.
During the double-blind period, 39.5% of patients in the verum and 44.0% in the placebo group took allowed coanalgesics, most frequently gabapentin (20.8% of patients). In addition to their already established concomitant medication, 15.5% of patients required additional analgesic therapy during the open-label period. During long-term follow-up, 32 patients (32%) took analgesics as concomitant medication, including 26 patients taking gabapentin.
Efficacy Results
The primary endpoint "mean change of pain intensity from baseline to mean of weeks 1-16" compared between dronabinol (1.92 ± 2.01; 30%) and placebo (1.81 ± 1.94; Eur Neurol 2017;78:320-329 DOI: 10.1159/000481089 27%) was not statistically significant (p = 0.6760; Fig. 3 ). The observed pain reduction was clinically relevant in both groups [19] . During long-term follow-up, pain intensities remained at a low level (range 2.5-3.8).
Correspondingly, the QoL assessment (SF-36) showed a clear improvement during the double-blind period from baseline until end of treatment in both groups (physical component summary: verum: -3.50, placebo: -3.18; mental component summary: verum: -2.69, placebo: -0.60) without significant difference. Single items did not deteriorate remarkably over time and both physical component summary and mental component summary showed a slight improvement during long-term follow-up. Safety Results Dronabinol Dosage Patients were exposed to a dronabinol mean daily dose of 12.7 ± 2.9 mg (range 0-15.9 mg) for a mean duration of 382.0 ± 234.6 days (range 0-831 days).
During long-term follow-up, 19 patients increased and 24 decreased their dose temporarily (multiple counting possible), 63 patients did not change their dose. In the double-blind period, the proportion of patients experiencing AEs was higher in the dronabinol group than in the placebo group ( Table 2 ). The proportion of patients experiencing SAEs was low. ARs were more frequently observed in the verum group compared to the placebo group. SARs were very rare and occurred only in 3 patients (dysphoria, constipation, exacerbation of preexisting neuropathic pain, NP; Table 2) . During the open-label period, patients switching from placebo to verum experienced more AEs than patients continuing verum treatment (407 vs. 329). This imbalance is also reflected by the proportion of patients with ARs being higher for patients switching to dronabinol (46.6%) than for patients continuing dronabinol treatment (23.4%). Despite the longer duration compared to the first 32-weeks open-label period, the number of AEs was lower in the long-term follow-up (Table 2) . Thirtysix patients discontinued the study due to AEs of which 26 were judged as possibly related (1 patient under placebo) and 7 of these AEs were serious. Only 2 out of these 36 patients prematurely terminated the trial during longterm follow-up (Fig. 2) . Of the 53 ARs during long-term follow-up, 16 ARs recovered, 4 ARs recovered with sequelae, 26 ARs were still ongoing and in 8 ARs, the outcome was unknown at database lock. No deaths occurred during the trial.
Most AEs and ARs occurred during the 4-weeks titration periods of either the double-blind or open-label period due to titration to the maximum tolerable dose (Fig. 4) . Furthermore, patients on verum already during the double-blind period had a considerable increase of AEs and ARs during the second titration with placebo (double dummy, weeks 17-20, Fig. 4a ). There was no time course dependency for SAEs and SARs occurrence (Fig. 4) .
The most common ARs under dronabinol were similar for the first 2 trial periods but changed during longterm treatment (Table 3) .
Global Assessment of Tolerability
Patients assessed the global tolerability mostly as very good or good after all 3 trial periods (double-blind period: verum: 84.5%; placebo: 95.6%; open-label period: 85.2%; follow-up period: 93%).
Vital Signs, ECG During the double-blind and open-label period, no clinically relevant changes in the vital signs blood pressure, heart rate and weight were observed. Both blood hematology and biochemistry analysis did not reveal any clinically relevant differences or trends. During longterm follow-up, vital parameters were unremarkable and there were no clinically relevant laboratory abnormalities. The presence of severe cardiac diseases could definitely be ruled out clinically and by ECG for 90% of patients at the end of treatment. Data of 8% of patients were missing. Signs of Withdrawal For most patients, no withdrawal reactions were reported after cessation of study medication: withdrawal symptoms were reported only for 6 patients after the open-label period and 4 patients after the long-term follow-up (Table 3) . Symptoms described were sleep disturbances, excitability, nervousness and increase of NP.
Drug Dependency and Drug Abuse Diagnostic criteria of drug dependency and abuse were regularly assessed by investigators during the longterm follow-up period. Mild signs of drug dependency were documented only for 1 patient. No patient showed any sign of drug abuse.
Discussion
This clinical trial demonstrates a clinically relevant decrease of mean pain intensities during 16-weeks dronabinol and placebo treatment, without reaching a statistical significant difference between both groups.
Despite overall treatment with dronabinol lasting up to 119 weeks, occurrence of severe and serious ARs was rare. Although the rate of ARs was higher under dronabinol compared to placebo during the first 16 weeks, the proportion of patients affected by ARs decreased to 26% during long-term follow-up.
These results reveal that dronabinol is a safe long-term treatment option, which causes a similar number of side effects in patients with MS and CNP in comparison to standard treatment.
A previous clinical trial performed by Svendsen et al. [6] with dronabinol showed its efficacy superiority over placebo. Other therapeutic drugs recommended by guidelines for the condition CNP are often no more effective in reducing pain than dronabinol [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . However, for some substances, clinical trials demonstrated superiority over placebo.
Besides the analgesic effect of dronabinol, the sedative, spasmolytic, anti-inflammatory and anxiolytic effects [30, 31] may contribute to improve QoL of NP patients, which is the overall therapeutic goal. Interestingly, QoL assessment showed a relevant improvement during the first 16 weeks in both treatment groups. The long-term follow-up revealed no remarkable deterioration in SF-36 single items over time. In contrast, 2 clinical trials in patients with CNP due to spinal cord injury with standard treatment, one with pregabalin and one with duloxetine, showed a significant improvement only of the SF-36 pain domain, whereas condition of some other domains even deteriorated [23, 27] . These results underline the positive and comprehensive influence of dronabinol on patients' overall QoL.
Patients' QoL may also be affected by side effects, which are in general quite common for centrally acting substances. In our study, the proportion of patients with ARs was highest in the beginning and declined during dronabinol treatment. The initially high number of ARs is due to the titration period and the assumed high expectations of patients [32] , a phenomenon that was also observed in another clinical trial with dronabinol [6] .
Most AEs and ARs were non-serious and of mild to moderate intensity. Safety data of trials with medications currently used for treatment of CNP show that they are partly even more harmful than dronabinol [20, 21, 25, 26, 28, 29] .
In our trial, the most frequent ARs belonged to the SOC "nervous system disorders" followed by "general disorders and administration site conditions". A comparison of our safety results with other studies is challenging because both coding of AEs and causal relationship to study medication are often missing or are published intransparently. Nevertheless, comprehensive evaluation of available data shows that pregabalin is mostly affecting the same SOCs and furthermore having possible systemic side effects [20, 33, 34] . Taken together, the variety of side effects induced by different treatment options [20, 25, 27, 29, [33] [34] [35] should lead the physician to make a decision on a case-by-case basis, in particular for combination therapies.
For chronic pain conditions, short-term side effects alone may not play a role; even tolerance, addiction and withdrawal symptoms possibly become present as a result of long-term use. Smith [36] raised some concerns about possible long-term side effects of cannabinoids such as tolerance and addiction. The assessment of dronabinol's potential to induce withdrawal symptoms, dependency, abuse and tolerance during long-term follow-up of our trial revealed no negative hints. Despite the long duration of dronabinol intake, a low number of only 10 patients showed transient withdrawal symptoms. Furthermore, there was no evidence of abuse and only 1 patient showed mild signs of dependency. The intake of a relative stable dose of dronabinol over a long period suggests that there is no tolerance development.
Other medications currently used in this indication, such as pregabalin and opioids, have a higher potential for abuse and dependency and may also cause withdrawal symptoms after discontinuation of treatment [34, 37] .
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Physicians need to face this problem when prescribing medications, in particular, for long-term use.
Trial design and in-and exclusion criteria followed the "Guideline on Clinical Investigation of Medicinal Products Intended for the Treatment of Neuropathic Pain" being available at the time of study conduct [38] . The long-term follow-up of this trial was even longer than recommended (up to 69 instead of 52 weeks). Nevertheless, the trial had some limitations. Since the study was conducted there have been new insights about different pain types in MS patients. Besides, NP caused by damage to nerves in the brain and spinal cord patients are troubled with nociceptive pain induced by damage to muscles, tendons, ligaments and soft tissues [39] . Special subtypes like myofascial pain contribute to a complex picture, which might impede patients' correct differentiation and evaluation of pain. Meanwhile, the definition for CNP of the International Association for the Study of Pain as used in this trial is seen controversial due to the lack of defined boundaries. NP is now redefined as "pain arising as a direct consequence of a lesion or disease affecting the somatosensory system" [40] . Available literature confirmed the selected dose limit of 15 mg [6, 41] . Nevertheless, it seems to be insufficient because in our study, 72.5% of the patients titrated up to this limit during the double-blind period. In future, higher dose limits should be considered. A further limitation of the trial is the pronounced placebo analgesia, which is mediated by similar neurobiological systems as targeted by specific pharmacological treatments. Contribution of the endogenous cannabinoid system to placebo analgesia has also been suggested [42] . It is known that expectations, behavioural conditioning and a close patient-physician relationship increase placebo responses [32, 43] . All these parameters might be influenced by study conditions. A meta-analysis of placebo responses in CNP revealed a significant pain reduction by placebo [44] . A further risk of the double-blind period is the risk of unmasking treatment allocation by patients who were already familiar with the use of cannabinoids. To avoid unmasking, patients who used dronabinol within 1 year or marihuana within the last 4 weeks before study start were excluded from the study. A nocebo effect, that is, negative expectation regarding a pharmaceutical drug causing AEs unrelated to specific pharmacological actions, was observed during placebo titration in the open-label period, which is probably indicating a sustained blinding of patients.
Overall, this trial demonstrated the long-lasting therapeutic potential, the good tolerability and favourable safety profile of dronabinol -especially in terms of drug abuse and dependency. Based on the presented results, there is no special focus on the harm caused by dronabinol treatment. Although the statistical proof of efficacy for dronabinol versus placebo treatment is pending, physicians should consider the potential benefits of the multifactorial effects of dronabinol.
